ABSTRACT: Cell entry of anionic nano-objects has been observed in various types of viruses and self-assembled DNA nanostructures. Nevertheless, the physical mechanism underlying the internalization of these anionic particles across the negatively charged cell membrane remains poorly understood. Here, we report the use of virusmimicking designer DNA nanostructures with near-atomic resolution to program "like-charge attraction" at the interface of cytoplasmic membranes. Single-particle tracking shows that cellular internalization of tetrahedral DNA nanostructures (TDNs) depends primarily on the lipid-raft-mediated pathway, where caveolin plays a key role in providing the short-range attraction at the membrane interface. Both simulation and experimental data establish that TDNs approach the membrane primarily with their corners to minimize electrostatic repulsion, and that they induce uneven charge redistribution in the membrane under the short-distance confinement by caveolin. We expect that the nanoscale like-charge attraction mechanism provides new clues for viral entry and general rules for rational design of anionic carriers for therapeutics.
■ INTRODUCTION
The cell entry of exogenous materials has important implications for biomedical applications including bioimaging, drug delivery, and pathogen defense. 1−3 Given the anionic nature of the cytoplasmic membrane, artificial delivery agents are often positively charged by design to overcome the electrostatic barrier. Nevertheless, various types of negatively charged viruses and nanoparticles have proven to be efficiently internalized by cells. 4−9 For example, self-assembled DNA nanostructures can enter a variety of mammalian cell lines via receptor-mediated endocytosis, 10−12 which has resulted in versatile therapeutic applications. 10,11,13−20 Although likecharge attraction has been often seen in simple colloidal systems, which has been explained by the many-body effects at the micro-/nanoscale, 21, 22 the underlying physical mechanism for a similar effect at the cell-membrane interface has not been elucidated.
Structural DNA nanotechnology has enabled tailored design of arbitrarily shaped nanostructures with near-atomic resolution. 23, 24 In particular, the site-addressability of selfassembled DNA nanostructures holds great potential for developing framework nucleic acids (FNAs) harboring versatile functional molecules and nanoparticles with spatial order. 13,25−29 More recent findings on the efficient cellular uptake of FNAs have aroused great interest. 7, 11, 18, 28 DNA molecules are intrinsically negatively charged in pH-neutral water solution and were traditionally regarded to be transfection inert. Hence, the obviation of transfection agents in delivering FNAs triggers the exploration of new mechanisms of cell entry as well as developing novel tailor-made FNA-based delivery agents. 18−20 
■ RESULTS AND DISCUSSION
We first studied the cell entry pathway of a tetrahedral DNA nanostructure 30 with edge length of 20 bp ( . To visualize the cellular uptake of TDN-20, we labeled it with a Cy3 fluorophore and incubated it with HeLa cells at 37°C in the serum-free medium. Both confocal fluorescence microscopy and flow cytometry demonstrated that the fluorescence of Cy3 increased over time in the cytoplasm ( Figure S1 ), suggesting efficient cell entry of TDN-20. The cellular uptake of TDN-20 relies on energy-dependent endocytosis since the incubation at 4°C resulted in negligible fluorescence in cells. To examine the endocytic pathway of TDN-20, we employed pharmaceutical inhibitors to block the established pathways. The 3D confocal images showed that the presence of methyl-β-cyclodextrin (MβCD, an inhibitor of lipid-raft-/caveolinmediated endocytosis) led to remarkably reduced fluorescence puncta in cells ( Figure S1A ). Quantitative analysis with flow cytometry revealed that the uptake of TDN-20 was suppressed by ∼54% by MβCD, while not by chlorpromazine (CPZ, an inhibitor of clathrin-mediated endocytosis) ( Figure 1A) , which was consistent with a previous observation that TDNs were internalized by cells via a lipid-raft-/caveolin-mediated endocytic pathway. 11 To substantiate the role of caveolin in the cellular uptake of TDN-20, we employed time-resolved confocal imaging to real-time monitor the intracellular colocalization of TDN-20 with genetically encoded and endogenously expressed green-fluorescence-protein-fused caveolin-1 (GFP-Cav1) ( Figure 1B ). The observation of synchronized fluctuation of the two fluorophores confirmed that TDN-20 particles were internalized by the caveolar endocytic vesicles ( Figure 1C and Movie S1).
Having elucidated the biochemical mechanism of TDN uptake, we next explore the underlying physical mechanism for the like-charge attraction that breaks down the electrostatic barrier at the membrane interface. To mimic the lipid-raftmediated endocytosis, we constructed a piece of cellmembrane model filled with negatively charged or neutral lipids, with an average surface charge density of −0.04 e/nm 2 (within the reported physiological range from −0.02 to −0.2 e/nm 2 ), 31, 32 which provides electrostatic repulsion to the anionic DNA nanostructures ( Figure S2) . 33, 34 This membrane was enriched with simplified models of lipid-raft proteins (i.e., caveolin-1, with a molar ratio to lipids of 0.5, detailed in the Supporting Information) to imitate short-range attraction to DNA nanostructures (with an attraction strength of 5 k B T referring to the reported physiological range 35 ) in the lipid raft region. Then, we performed dissipative particle dynamics (DPD) simulations to investigate the interactions between TDN-20 and the modeled cell membrane by placing 16 TDN-20 model structures above the membrane (initial distance Z = 10.0 nm). From the calculated consequences of their interactions, we found that short-range attraction from the caveolin-1 was essential for the entry of TDN-20 ( Figure S3 ). None of the anionic TDN-20 structures could reach the cell membrane without such an attractive force, which agrees well with the experimental observation under energy-deprived conditions (i.e., incubation at 4°C, Figure 1A ). In the presence of the short-range attraction mimicking lipid-raftmediated endocytosis, 7 of 16 TDN-20 structures reached the membrane within 15 μs in a typical simulation, with timeresolved snapshots shown in Figure S4 . Of note, the overall electric potential of the membrane was still below zero.
Further analysis of the simulation data revealed that TDN-20 structures predominantly attacked the membrane with their corners ( Figure 1D and Movie S2). Although we initially placed TDN-20 structures such that one of their facets faced up with the membrane surface, most TDN-20 particles rotated during the approaching time of 15 μs to realize a "corner attack" (Figure S4 ), which might have minimized the repulsion between the negatively charged lipids and TDN-20 ( Figure  1A ). To verify this hypothesis, we conducted a control simulation by fixing the facet orientation of TDN-20 throughout the 15 μs approaching time. We found that only 2 of the 16 "frozen" TDN-20 structures ( Figure S5 ) could reach the membrane, implying the significance of orientation adjustment of TDN-20 during their cell entry.
To quantify the frequency of the corner attack, we next investigated the distribution of attack angles from multiple simulated TDN-20 attacking events. The angle θ, between the line vertical to the cell membrane and the line ligating the TDN's attacking corner, and its geometric center are illustrated in Figure 1E . From 40 independent simulations ( Figure 1F ), we found that the majority (∼92.5%) of the TDN-20 structures attacked the cell membrane with θ < 30°, indicating the corner attack mode.
Next, we examined the effects of TDN-20 exerted on the cell membrane. Although a cell membrane is negatively charged in general, the semifluidic membrane is filled with unevenly distributed neutral, negatively, and positively charged lipids. Indeed, our simulation revealed that most TDN-20 particles attacked the membrane on hot spots with slight negative charge or even charge reversal ( Figure 2A ). Interestingly, confocal fluorescence imaging demonstrated that the fluorescence of TDN-20 was condensed into bright spots scattering on the membrane, suggesting the presence of hot spots on the membrane for efficient cell entry ( Figure S1 ). When the negatively charged TDN-20 approached the membrane, the electrostatic repulsion also exerted the lipid spots, driving charge redistribution in the semifluidic membrane. Thus, negatively charged lipids were pushed away while the positively charged molecules were drawn close to the hot spots, resulting in "image charges" that are often observed in many-body physical systems with like-charge attraction. 21 Control simulation studies showed that a frozen membrane with fixed lipids only allowed the entry of few TDN-20 structures (3 out of 16, Figure S6 ), suggesting that the fluidity of the membrane is necessary for the cell entry of TDN-20.
The findings on the TDN-driven charge redistribution of the cell membrane motivated us to explore the cellular uptake of TDN-20 in different statuses of cells. Cells at different physiological status or with external stimuli may exhibit varied membrane potential, mechanical tension, and density of membrane proteins, etc., 36−38 which lead to varied membrane fluidity and charge distribution, and thus different uptake efficiency. Hence, we studied the cell entry of TDN-20 at different phases of a cell cycle and in autophagic cells triggered by rapamycin (methods of cell synchronization and rapamycin treatment are detailed in the SI). Flow cytometry revealed that the uptake efficiency varied greatly in these statuses ( Figure  2B ). In particular, the S-phase cell could uptake ∼5-fold more TDN-20 than the G 0 /G 1 -phase ones ( Figure 2B ). These results suggest that the cell status has prominent effects on the cell entry of DNA nanostructures, which might be attributed to the variation of membrane fluidity and charge distribution as observed in the simulation (Figures S7 and S8) .
We further investigated whether the variation of the attraction parameters has an effect on the cell entry of TDN-20. We found that ( Figures S9 and S10 ) the TDN-20 attacks the membrane with their corners and adsorbs on the hot spots of the membrane, regardless of how the attraction strength changes (increasing to 10.0 k B T or decreasing to 2.5 k B T, within the reported physiological range 35 ). The engulfment after the adsorption showed difference. When the attraction strength increased (to 10.0 k B T), most of the adsorbed TDN-20 structures were engulfed by the cell membrane within the 15 μs simulation. On the contrary, when the attraction strength was weak (2.5 k B T), the TDN-20 structures remained attached on the cell membrane because the attraction force could not overcome the bending energy of the membrane deformation. 39 A similar phenomenon was observed when the density of caveolin-1 in the membrane was reduced (i.e., the receptor− lipid ratio set to 0.25, Figure S11 ). In general, although these variations of attraction parameters affect the engulfment efficiency of TDN-20, the like-charge attractions (i.e., the corner attack mode and the hot spot adsorption) always occur, suggesting its robustness and universality.
To examine the generality of like-charge attraction at the membrane interface, we synthesized four new DNA nanostructures with defined sizes and shapes ( Figure 3A) , including two differently sized TDNs (with edge length of 13 and 32 bp, referred to as TDN-13 and TDN-32, respectively), a TDN-20 dimer (TDN-20d) , and a 6-helix DNA tubular nanostructure (6-helix). The polyacrylamide gel electrophoresis (PAGE) image ( Figure 3B ) presents clear bands with migration rates corresponding to the expected molecular weights, which verified the formation of these nanostructures. Next, we performed a simulation for the cell entry of these DNA nanostructures. We observed that all these nanostructures generally adopt the corner attack mode ( Figure 3C and Figure  S12 ) to approach the hot spots on the membrane (Figure 3D ), consistent with our findings on TDN-20. Both experimental observation (confocal images shown in Figure S13 and cytometric analysis shown in Figure 3E ) and simulation data ( Figure 3E ) revealed that all TDNs showed similar efficiency of cell entry, regardless of their sizes within the range ∼4−11 nm, suggesting the size-independence of lipid-raft-/caveolinmediated endocytosis. However, TDN-20d and 6-helix showed ∼30% reduction in cell entry ( Figure 3E) . Hence, the cell entry is size-independent in the range of several tens of nanometers whereas dependent on the shape of DNA nanostructures.
Given that the cellular uptake efficiency of TDN-20d was reduced by ∼30% as compared to that of TDN-20 ( Figures 3E  and 4A ), possibly because of the presence of the rigid doublestranded DNA linker in TDN-20d that restricts its rotational freedom, we reason that studies on the difference in cellular uptake efficiency between TDN-20 and TDN-20d provide a possible means to experimentally verify the "corner attack" mechanism. Biochemical studies revealed that the cellular uptake of TDN-20d exploited the same lipid-raft-/caveolinmediated endocytic pathway ( Figure S14 ). However, confocal imaging showed reduced cellular uptake efficiency of TDN-20d as compared to that of TDN-20 ( Figure 4A ). Single-particle tracking with the total internal reflection fluorescence (TIRF) microscopy provides dynamic information on the cell entry ( Figure 4B,C) . Given that TIRF senses a few hundred nanometers above the glass slide, TDN-20/TDN-20d particles were visible only when they were within the illuminated layer at the cell bottom ( Figure 4B ). The observed fluorescence vanishing suggested that they left the illuminated layer by moving upward and entering the cell, providing single-particle tracking of TDN-20/TDN-20d in real time. We found that the fluorescence spots of TDN-20 disappeared more rapidly than those of TDN-20d ( Figure 4C ), consistent with the ensemble flow cytometric quantification and the simulation. The rate of cellular uptake for TDN-20 was ∼6% faster than that for TDN20d, suggesting the difference in their rotation freedom that possibly accounts for the observed difference in cell entry.
To further verify this hypothesis, we investigated the rotational diffusion rates of TDN-20 and TDN-20d during their approaching processes via simulation. Representative results shown in Figure 4D revealed that the rotational frequency of a TDN-20 structure (5 turns before touching) was higher than that of a TDN-20d (3 turns before touching). Moreover, it took TDN-20 1.8 μs to reach the membrane in a corner attack manner, which was faster than TDN-20d (∼2.5 μs), indicating that the TDN monomer possesses higher freedom to adopt the corner attack mode than the dimer. Thus, the presence of the rigid dsDNA linker in the TDN-20d structure restricted the rotational diffusion rate, which renders TDN-20d biochemically identical to TDN-20 whereas kinetically different for cell entry.
In addition, we simulated the cellular uptake of another two types of anionic nanoparticles (i.e., spherical nanoparticle and triangular pyramid nanoparticle without holes on its faces) with size and charge similar to that of TDN-20. We found that the triangular pyramid nanoparticles also adopt the corner attack mode and land on the hot spot regions of the membrane ( Figure S15 ). The spherical nanoparticles also tend to approach the hot spots on the membrane (Figure S16 ), but the corner attack mode cannot be observed because of the structural isotropy. Thus, fewer spherical particles entered the cell (4 out of 16, Figure S16 ) compared to TDN-20, suggesting the important role of corner attack in cell entry.
Having substantiated the mechanism for the cell entry of FNAs, we next studied the thermodynamics of TDN-20− membrane interactions. The endocytosis process of freely diffusive TDN-20 (as defined by Z > 10 nm) could be divided into three stages ( Figure 5A in the membrane ( Figure 5B ), whereas the TDN−receptor attraction stayed approximately 0 ( Figure 5C ), leading to a positively increasing PMF ( Figure 5D ) that formed an energy barrier for the approach of TDN-20. However, when TDN-20 rotated to the orientation for corner attack at the end of this stage, the reduced electrostatic repulsion allowed TDN-20 to overcome the energy barrier to approach the membrane. At the second stage, the short-range attraction from the lipid-raft proteins dominated the motions of the TDN-20; i.e., the decrease of TDN−receptor interaction energy ( Figure 5C ) overtook the increase of TDN−lipid interaction energy ( Figure  5B ), which pushed TDN-20 toward the membrane with rapidly decreased PMF. At the last stage, the TDN-20 particles were engulfed and entered the cell via caveolin-mediated vesicles. Hence, the confinement provided by caveolin-1 and the rotation freedom of TDN-20 lead to the apparent likecharge attraction for its effective cell entry.
■ CONCLUSIONS
Recent studies have experimentally investigated the correlation between the geometric parameters of DNA nanostructures and their cellular uptake efficiency. For example, Wang et al. and Bastings et al. studied the cellular uptake of DNA origami structures and found that size, shape, and compactness play crucial roles in determining their uptake efficiency. 40, 41 Meanwhile, Rahman et al. 42 studied DNA brick nanostructures with varied aspect ratio and observed no significant difference among them in cellular uptake. However, experimental studies in the complex biological environments tend to be interfered by a lot of uncontrolled variables, leading to contradictory conclusions. Here, this study offers a physics perspective with well-controlled parameters, and reveals the "corner attack" mode that can hardly be observed directly but whose effects can be verified by experiments. Because of the limitation of present computing abilities, this work employed the coarse-grained (CG) modeling strategy, which omitted the atomic detail of the DNA structures and the receptor proteins, and may cause some distortions between the simulation and the reality. For the same reason, the size of the modeled FNA structures in this work is limited within ∼10 nm. In future work, with the improvement of computing power, we aspire to develop simulation methods with atomic/ molecular accuracy, and investigate a wider spectrum of FNA structures (e.g., DNA origami with larger sizes and more shapes).
In summary, we have established the like-charge attraction mechanism in FNA-programmed cell entry. We find that the confinement of the lipid-raft proteins leads to the like-charge attraction between FNAs and the cytoplasmic membrane. The corner attack of FNAs and the charge redistribution of the membrane play important roles in this process. By designing FNAs with varied size and distinct shape, we observe that the like-charge attraction is shape-dependent whereas minimally size-dependent. Hence, FNAs provide a designer platform for studying structural parameters governing cell entry. 40, 43 In particular, the resemblance of TDNs to polyhedral viruses may have implications in pathogen infection.
2, 44 We also envision that the like-charge attraction mechanism sheds light on designing novel cellular delivery strategies.
■ MATERIALS AND METHODS
All oligonucleotides purified with high-performance liquid chromatography (HPLC) were obtained from Invitrogen (Shanghai, China), and the sequences are shown in Table  S1 . TDN-13, TDN-20, and TDN-32 were synthesized using the previously reported method. HeLa cells were obtained from Shanghai Institute of Biological Sciences, and were cultured in a 5% CO 2 environment at 37°C in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) and supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibico), 100 international units/mL penicillin, 100 mg/mL streptomycin (Invitrogen), and 2 mM L-glutamine (Invitrogen). No unexpected or unusually high safety hazards were encountered in this work.
The detailed procedures for cell synchronization and cellular uptake studies are provided in the Supporting Information. Confocal images were obtained using a Leica TCS SP8 confocal microscope. Total internal reflection fluorescence (TIRF) microscopic imaging was conducted with a Leica AM TIRF MC total internal reflection fluorescence microscope. Flow cytometric analysis was performed with a FACS Calibur flow cytometer (BD Biosciences).
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